Abstract-
I. INTRODUCTION

C
ASCADED optical add-drop multiplexers (OADM) and optical cross-connects (OXC) are key components in optical wavelength division multiplex networks. OADM's with filtering of the passing signals and OXC's can be constructed by use of wavelength division multiplexers (WDM). Cascadability of multiplexers is therefore vital for the network performance.
The actual transfer function of multiplexers is important [1] , since the available end-to-end bandwidth between connected nodes in optical networks with cascades of OXC's and OADM's is given by the product of the transfer functions. A cascade of 16 multiplexers in a ring network with a resulting 3-dB bandwidth of 50 GHz was investigated at 10 Gb/s with emphasis on the impact of modulator chirp [2] . In [3] , a cascade of up to 15 narrow-band arrayed waveguide (AWG) multiplexers [4] each with a 3-dB bandwidth of 38 GHz was investigated in a recirculating loop experiment at 10 Gb/s. A penalty of 2-3 dB was measured after 10 multiplexers.
In this letter, the cascadability of AWG multiplexers each with a 3-dB bandwidth of 1 nm and sharp roll-off characteristics is analyzed experimentally in a recirculating loop at 10 Gb/s. We show that up to 40 multiplexers can be passed penalty-free. Furthermore, the allowable fluctuation of the center frequency (ACF) is examined when up to 60 of these multiplexers are cascaded. The ACF is defined as the range of carrier frequencies for which the 10 Gb/s signal can achieve a bit-error rate (BER) 10 for a fixed level of received optical power. We show that the ACF is 24 GHz when 40 multiplexers are cascaded and that the ACF is reduced to almost zero for a cascade of 60 multiplexers.
II. EXPERIMENT
A recirculating loop experiment at 10 Gb/s is used to investigate the cascadability of arrayed waveguide (AWG) multiplexers. Fig. 1 shows the experimental setup.
A 1.556-m distributed feedback (DFB) laser is used as signal source and the output light is modulated at 10 Gb/s by an external modulator using a pseudorandom binary sequence with a word length of 2 1. The loop consists of 50 km of dispersion shifted fiber (DSF) followed by two AWGmultiplexers. The transfer functions are shown in Fig. 2 insertion loss of the two multiplexers are 6.2 and 7.4 dB, respectively, and each has a 3-dB bandwidth of 0.95 nm. The power into the transmission fiber is 1.5 dBm. The two erbium-doped fiber amplifiers (EDFA) compensate losses of the transmission fiber and the multiplexers.
The signal is recirculated in the loop until the desired number of multiplexers have been passed and the BER is measured using an optically preamplified receiver with an optical 3-dB bandwidth of 40 GHz and a back-to-back sensitivity of 37 dBm at BER 10 . The ACF is measured by replacing the transmitting DFB laser with a tunable external cavity laser and increasing the 3-dB optical bandwidth of the receiver to 2.3 nm which reduces the back-to-back sensitivity to 35 dBm at BER 10 .
III. RESULTS
BER curves measured for a cascade of 4, 20, 40, and 60 multiplexers are shown in Fig. 3 . No significant penalty is seen for cascades of up to 40 multiplexers whereas a cascade of 60 multiplexers results in a penalty of 4 dB. Eye diagrams for 20, 40, and 60 multiplexers are shown in Fig. 4 . For 20 multiplexers (corresponding to 10 loop roundtrips) the eye is symmetrical with no pulse distortion and the operation is penalty free. For 40 multiplexers pulse distortion with a flattening of the bottom of the eye can be seen, but the operation is still penalty free. After 60 multiplexers the pulse distortion is more severe and results in a 4 dB penalty.
To further investigate the cascade properties of these multiplexers the BER versus wavelength is measured for 2, 20, 40, and 60 multiplexers for a constant receiver input power of 30 dBm. These measurements are shown in Fig. 5 . For a cascade of two multiplexers the ACF is 190 GHz. After only 20 multiplexers the ACF has decreased to 80 GHz and for a cascade of 40 multiplexers the ACF is 24 GHz. For a cascade of 60 multiplexers the ACF is reduced to almost zero.
Eye diagrams after passing 40 multiplexers are shown in Fig. 6 for a signal wavelength of 1555.77, 1555.88, and 1556.16 nm, respectively. These eye diagrams clearly illustrate the pulse distortions caused by the cascaded multiplexers [5] for the signal being detuned from the optimum wavelength of 1555.86 nm.
IV. CONCLUSION
It is shown experimentally that at least 40 arrayed waveguide multiplexers with a 3-dB bandwidth of 1 nm can be cascaded penalty-free at 10 Gb/s provided that the wavelength of the signal laser is well aligned in the passband of the multiplexers. The requirement for alignment is quantified by measuring the allowable fluctuation of the center frequency after transmission through these 40 arrayed waveguide multiplexers and it is found to be 24 GHz.
